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An experimental study has been carried out for the development of quantitative deuterium analysis
using the neodymium doped yttrium aluminum garnet laser-induced breakdown spectroscopy
LIBS with atmospheric pressure surrounding He gas by exploring the appropriate experimental
condition and special sample cleaning technique. The result demonstrates the achievement of a full
resolution between the D and H emission lines from zircaloy-4 samples, which is prerequisite for the
desired quantitative analysis. Further, a linear calibration line with zero intercept was obtained for
the emission intensity of deuterium from a number of zircaloy samples doped with predetermined
concentrations of deuterium. The result is obtained by setting a +4 mm defocusing position for the
laser beam, 6 s detection gating time, and 7 mm imaging position of the plasma for the detection,
which is combined with a special procedure of repeated laser cleaning of the samples. This study has
thus provided the basis for the development of practical quantitative deuterium analysis by LIBS.
© 2010 American Institute of Physics. doi:10.1063/1.3282801
I. INTRODUCTION
It was shown in a recent report1 that a spectrum of com-
pletely resolved hydrogen and deuterium emission lines was
successfully detected from zircaloy-4 sample using laser-
induced plasma spectroscopy. This was achieved by employ-
ing a low-pressure helium surrounding gas that was sug-
gested to play the crucial role in overcoming the unfavorable
effects of spectral broadening and intensity diminution well
known in laser-induced breakdown spectroscopy, LIBS
commonly operated with atmospheric-pressure air. Further, it
was shown that the spectral interference by surface water in
the H emission spectrum could be largely reduced by means
of appropriate adjustment of both the energy of the pulsed
laser and detection time. A limited range of linear calibration
line for H emission intensity was also presented in that re-
port, although it was plagued by its nonzero intercept, indi-
cating the recalcitrant presence of residual surface water on
the sample.
Apart from the need of eliminating the above mentioned
nonzero intercept for its application to quantitative analysis,
it is also desirable to relax the requirement of using reduced
ambient gas pressure in order to pave the way for its more
practical applications, particularly for its application to in
situ analysis. In this study, the second problem was tackled
by replacing the ambient air with He gas which has been
shown to play a significant role in reducing the above-
mentioned adverse effects on hydrogen emission intensity at
atmospheric gas pressure.2–4 In a more recent experiment,
improved spectral quality of H emission was obtained in
ambient helium gas at atmospheric pressure and using the
same laser for simultaneous target ablation and gas plasma
generation with properly defocused laser beam.5
The problem of nonzero intercept was investigated by
exploring the experimental condition required to suppress the
spectral interference from the surface water which is under-
stood to become more serious at higher gas pressure. This
aAuthor to whom correspondence should be addressed. Electronic mail:
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FIG. 1. Color Sketch of experimental setup showing the dual laser system
and the imaging module introduced into the currently adopted detection
system.
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was undertaken by modifying and extending the previously
introduced laser cleaning process and by introducing a local
imaging technique for the detection of spectrum emitted
from certain selected plasma region. As a result, this experi-
ment has succeeded in producing a more extended linear
calibration line with zero intercept.
II. EXPERIMENTAL PROCEDURE
The experimental setup of the current experiment is de-
scribed in Fig. 1. The laser arrangement is basically the same
as that employed in a previous experiment with the two
neodymium doped yttrium aluminum garnet Nd-YAG la-
sers operated in exactly the same manner.1 However, the de-
tection system is now modified by adding in front of it a
movable local imaging module which consists of an entrance
slit of 2.5 mm width and a lens of 7.5 cm focal length. In its
position, as shown in Fig. 1, a plasma area of approximately
1 mm will be imaged onto the entrance end of the optical
fiber connected to the optical multichannel analyzer OMA
system. As the lens system can be freely moved along the
direction of plasma expansion, it allows a spatial scan of the
emission spectrum over longitudinal plasma region. As it
was done in another previous experiment,5 the laser operated
at 1064 nm was also employed here for both ablating the
sample and creating the helium gas plasma with an appropri-
ately chosen experimental condition. The optimal experi-
mental condition was determined by the complete resolution
of the D and H emission lines, which was explored by oper-
ating the OMA system in real time mode, with varied focus-
ing position and gating time gate delay. The emission spec-
FIG. 2. Color Photograph of the elongated plasma taken under defocus
+4 mm using zircaloy-4 sample doped with 2000 ppm of deuterium. The
fundamental wavelength Nd-YAG laser energy was fixed at 110 mJ. The
surrounding helium gas pressure was kept constant at 760 Torr with helium
flow rate of 2 l/min.
FIG. 3. The emission spectra of the D-doped zircaloy-4 sample containing 2,000 ppm or deuterium obtained at gate delay of a 1 s, b 3 s, c 6 s,
and d 10 s. The gate width of the OMA system was set at 50 s. The fundamental wavelength Nd-YAG laser energy was fixed at 110 mJ. The surrounding
helium gas pressure was kept constant at 760 Torr with helium flow rate of 2 l/min.
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trum from each spot on the sample surface was obtained as
the averaged result from 120 laser shots. This was then re-
peated on a number of different spots to produce the average
data presented in this report.
The cleaning of surface water was performed by a sec-
ond Nd-YAG laser operated at UV 355 nm wavelength and
43 mJ energy. For each spot mentioned above, the cleaning
process was carried out by applying 120 shots of the UV
pulses both prior to and simultaneously synchronized with
the 120 measuring pulses from 1064 nm laser. In other
words, each spot received a total of 360 laser, 240 cleaning,
and 120 measuring pulses. The sample used in this study is a
zircaloy-4 targets containing various concentrations up to
2000 ppm of deuterium impurity.
III. RESULTS AND DISCUSSION
In a preliminary experiment, the emission line of impu-
rity D in zircaloy-4 sample and that of H from surface water
were found to be best resolved with the lens placed at the
defocus +4 mm position. Employing this condition, the gen-
erated plasma was found to be cylindrically confined as
shown in Fig. 2. This elongated plasma shape was obtained
by using a laser beam focusing lens of long focal length 250
mm, and it provides a flexible range for selecting the desired
emission region marked by the minimum relative emission
intensity of hydrogen from the surface water.
Adopting this defocus condition, optimum detection
time was explored by varying the gate delay. Figure 3 shows
the emission spectra of the 2000 ppm D-doped zircaloy-4
sample obtained at gate delays of a 1 s, b 3 s, c
6 s, and d 10 s. As seen from this figure, the spectral
width of D emission decreases with increasing gate delay.
However, this is also accompanied by decreasing D emission
intensity. Therefore a gate delay of 6 s was considered the
optimal choice for the subsequent experiment.
Prior to the performance of high precision quantitative D
analysis, spectral interference from surface water and water
molecules in the ambient gas must be suppressed. To this
end, an effective laser cleaning technique as described earlier
was applied. Figure 4 shows the emission spectra of
zircaloy-4 sample containing 180 ppm of deuterium detected
a without laser cleaning, b with 120 precleaning laser
pulses of 355 nm and 43 mJ from the UV laser source before
data acquisition, and c with the same number of preclean-
ing laser shots and additional 120 cleaning shots synchro-
nized with the subsequent measuring laser shots. It is seen
from Fig. 4a that the interfering H emission from surface
water is clearly observable with relatively high emission in-
tensity compared to that of the D emission. This H emission
intensity is visibly reduced when the sample was treated with
laser precleaning process, as shown in Fig. 4b. As pre-
sented in Fig. 4c, a further reduction was found when ad-
ditional repeated laser cleaning was carried out during the
measurement. Nevertheless, the result remains obviously
short of complete removal of the unwanted contribution of
the water molecules.
For further improvement of the result, it is useful to
consider at this point the possibility of uneven distribution of
the excited H atoms due to the speed difference between the
very light H atoms and the plasma generated mainly by the
heavier Zr atoms ablated from the sample. This provided us
with the notion of further reducing the contaminating emis-
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FIG. 4. The emission spectra of zircaloy-4 sample containing 180 ppm of
deuterium detected a without laser cleaning, b with 120 precleaning laser
pulses of 355 nm and 43 mJ from a separate laser source before data acqui-
sition, and c with additional cleaning laser pulses synchronized with the
measuring pulses. The gate delay and gate width of the OMA system were
set at 6 and 50 s, respectively.
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sion by locally imaging a selected region of the plasma emis-
sion for the detection by the OMA system. The results of
spectral measurement from different plasma regions are pre-
sented in Fig. 5 for zircaloy-4 sample containing 2000 ppm
of deuterium at imaging position of a 3 mm, b 5 mm, and
c 7 mm from the target surface along the plasma expansion
direction. It is clear that an effective total suppression of H
emission was achieved at 7 mm from the sample surface.
Using the optimal experimental condition +4 mm defo-
cusing position, 6 s gate delay, and 7 mm imaging posi-
tion, and the two-step laser cleaning process, a series of
emission intensity measurements were performed on a num-
ber of zircaloy samples doped with different deuterium con-
centrations. The spectrum from each spot was obtained as the
average of 120 data produced by 120 successive laser shots
on the same spot. This measurement was then repeated on
five different spots on the same sample surface, which were
found to yield highly reproducible results implying the uni-
formity of impurity deuterium distribution in the sample. The
averages of such five measurement results for samples with
different impurity deuterium concentrations were then plot-
ted in Fig. 6. The result exhibits a good fit of the data by a
linear line going through the origin, which demonstrates the
possibility of employing the experimental parameters ascer-
tained in this work for practical quantitative analysis of deu-
terium and hydrogen in zircaloy.
0
20000
40000
60000
80000
100000
120000
140000
160000
180000
655 657 659 661 663 665 667
wavelength, nm
in
te
ns
ity
,c
ou
nt
s
D I 656.1 nm
He I 667.8 nm
H I 656.2 nm
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
655 657 659 661 663 665 667
wavelength, nm
in
te
ns
ity
,c
ou
nt
s
D I 656.1 nm
He I 667.8 nm
H I 656.2 nm
(a) (b)
0
5000
10000
15000
20000
25000
655 657 659 661 663 665 667
wavelength, nm
in
te
ns
ity
,c
ou
nt
s
D I 656.1 nm
He I 667.8 nm
H I 656.2 nm
(c)
FIG. 5. The emission spectra of zircaloy-4 sample containing 2,000 ppm of deuterium at imaging position of a 3 mm, b 5 mm, and c 7 mm from the target
surface along the plasma expansion direction. The gate delay and gate width of the OMA system were set at 6 and 50 s, respectively.
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FIG. 6. Intensity calibration curve of the deuterium impurity in zircaloy-4
samples.
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IV. CONCLUSION
This experiment has presented the spectra of fully re-
solved D and H emission lines and a linear calibration line
for the emission intensity of deuterium impurity from the
zircaloy-4 samples, which were measured with LIBS at at-
mospheric gas pressure. This was achieved by the use of He
surrounding gas and appropriate arrangement of the experi-
mental condition involving the laser defocusing position, the
detection gate delay, and the plasma region detected, com-
bined with a special laser cleaning procedure of the sample.
The result of this study has thus demonstrated the possibility
of implementing the desired practical quantitative analysis of
deuterium by LIBS with possible extension to quantitative
hydrogen analysis by a similar study.
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